I examined the potential bi-directional causality between educational attainment (EA) (n = 766,345) and age related macular degeneration (AMD) (cases (n) =16144, controls (n) =17832) using the summary GWAS datasets on individuals with European ancestry. I used datasets on other late-onset neurodegenerative diseases including Alzheimer's disease (AD) and Parkinson's disease (PD) as controls to validate the findings. A risky effect of EA on AMD was observed (OR=1.318, 95% CI=1.080 -1.610, P=0.0068) after ruling out potential pleiotropy and absence of reverse causality. I further replicated previously observed protective and risky causal associations of EA with AD and PD.
Introduction
Age related macular degeneration (AMD) is a late onset neurodegenerative disease that affects the retina region of the eye 1, 2 . It is also the third most leading cause of permanent vision loss.
The etiology of AMD is poorly understood with several risk factors identified through large scale observational studies 3 . In addition to age and family history of AMD, cigarette smoking, obesity and hypertension are believed to be the most commonly observed risk factors for predisposition to AMD 4 . Furthermore AMD has also been shown to be associated with increased risk for cognitive impairment including Alzheimer' disease (AD) 5 .
Recently potential role of educational attainment in neurodegeneration has aroused considerable interest possibly by modulating the cognitive performance (CP) 6, 7 . The enhanced CP is believed to provide protection against AD and may reduce motor deficits in Parkinson'disease (PD). Furthermore, the modulatory role of educational attainment on neurodegeneration was recently confirmed by Mendelian randomization (MR) studies employing large scale GWAS studies to elucidate potential causality 8, 9 .
The MR employs genetic variants as randomized proxy markers of risk factors, also known as genetic instruments to check for directionality in a relationship between a risk factor such as educational attainment and a disease or outcome like AD or PD 10 . Using the largest cohorts on AD and PD available to date, educational attainment was most recently shown to play a protective casual role in AD and risky casual role in PD 8, 9 . Henceforth, this motivated me to explore the potential causal role of educational attainment in AMD.
Materials and Methods
I conducted a two-sample MR study employing summary level estimates to explore the causal role of EA on AMD. I identified genetic instruments that influence EA using complete summary GWAS datasets provided by Social Science Genetic Association Consortium (SSGAC) from their recent publication 11 . I performed clumping on SNPs associated with EA (p-value< 5x10 -8 ) using the Two Sample MR package (version 0.4.22) in R (version 3.4.4) to identify completely independent loci (r 2 = 0.001) (http://cran.r-project.org/).
The summary estimates of the identified genetic instruments for the outcome dataset on AMD were extracted from the discovery cohort of a recent meta-analysis of GWAS on 16,144 AMD cases and 17, 832 controls of European ancestry 12 .
If SNPs were not available in the AMD GWAS dataset, proxy variants were identified using an R 2 cut-off of 0.9. I used F-statistic to judge the strength of the genetic instruments, and power calculation was done using the online tool available at http://cnsgenomics.com/shiny/mRnd/). I used inverse variance weighted (IVW) fixed effect method as primary method to do causal estimate analysis and heterogeneity analysis including use of additional MR methods was conducted as described elsewhere 13 .
A Bonferroni corrected threshold of P=0.0167 was considered to be significant, considering the primary association analysis of EA with PD, AD and AMD. The selection of appropriate genetic instruments and validity of analysis was further verified by replicating the previously reported causal association of EA with AD and PD 8, 9 .
As a part of sensitivity analysis to further check the strength of my results, the causal analysis was repeated by excluding variants with potential confounding variables (cigarette smoking, obesity, hypertension, INT, and CP) identified through the Phenoscanner database (http://www.phenoscanner.medschl.cam.ac.uk/). As a part of secondary analysis, I further conducted MR analysis using genetic instruments for highly correlated phenotypes such as CP and INT to rule out role of EA as a potential confounder in association analysis with AMD 11, 14 .
And lastly, I conducted check for potential causal role of genetic predisposition to AMD, AD and PD on educational EA, INT and CP to confirm the directionality of earlier observed direct causal associations.
Results
Descriptive statistics of the GWAS datasets and prioritized genetic instruments used in the present manuscript are listed in Table 1 . Furthermore, the summary data used for all the analyses (primary, sensitivity, and secondary) in the current article has been further provided in the Supplementary Table 1 . A total of 318 genetic instruments were prioritized used the EA GWAS dataset on 766, 346 individuals. The SNP id rs77719387 or its proxy was not available in the AMD dataset leading to finalization of 317 SNPs available for the causal analysis with all of them fulfilling the F-statistics criteria >10. The casual association analysis of EA with AMD has been further provided in Table 2 .
I observed a risky causal effect of EA on AMD (OR=1.221, 95% CI=1.021-1.461, P=0.0288) in the absence of significant pleiotropy (MR-Egger P=0.5172). A similar trend was observed using Weighted median method (OR=1.262, 95% CI=1.114-1.431) which accounts for undetected pleiotropy. I further identified a total of 57 genetic instruments as potential pleiotropic variants based on previously reported association of loci represented by these genetic instruments with known risk factors of AMD (Supplementary Table 2 Similarly, I observed lack of association of proxy markers of AD and PD with EA (Data not shown here), thereby suggesting that genetic predisposition to neurodegeneration has not role on EA.
Lastly, the bidirectional MR analysis was repeated using genetic markers of phenotypes closely correlated to EA namely INT (n=269,867) and CP datasets (n=257, 828) on AMD, AD and PD (Supplementary Table 3 ). I did not observe any association of INT and CP with AMD in both direct and reverse causal analysis. However, a moderate protective and risky effect of CP was observed in predisposition to AD and PD suggesting presence of residual confounding in the association of EA with AD and PD.
Discussion
This is the first comprehensive study studying influence of EA, INT and CP on late-onset neurodegeneration using a bidirectional MR study design. To the best of my knowledge, this is the first MR study reporting causal role of EA on AMD. The casual association was further retained after excluding genetic variants known to be associated with potential risk factors of AMD.
Few observational studies have earlier explored the association between EA and correlated phenotypes on AMD. The Beaver Dam Eye study was amongst the earliest to show a relationship between education and incidence of AMD in an American population comprising of 3681 adults. The study showed that individual with 16 or more years of education at a higher risk of developing AMD compared to those with fewer than 12 years of education 15 . A population based cross sectional study of 3280 Asian individuals (Singopore Malay population) comprising of 168 early AMD had earlier demonstrated that individuals with low educational level were more likely to have early AMD (OR = 2.2; 95% CI = 1.2 -4.0) 16 . Another recent study in Asian population (Chinese) comprising of 357 AMD patients showed increase prevalence of AMD among individuals with lower education level 17 . It is quite evident that most of these studies were underpowered and potential undetected confounding cannot be ruled out.
On the contrary, my MR study employed approx. 800,000 individuals including 16, 144 individual with AMD to draw the conclusion in the absence of confounding. My study however had few limitations. Firstly, I could not use complete GWAS datasets on EA and PD, due to nonavailability of 23andMe datasets. This forced me to prioritize genetic instruments using a subcohort of datasets used in the published manuscripts. This approach helped me to conduct a bidirectional MR using the same datasets and hence avoiding potential bias in making interpretation on causal association. Nevertheless, loss of small proportion of individuals is unlikely to have any effect on the reported associations. Furthermore, large number of genetic instruments with high average F-statistics and replication of previously observed causal association's demonstrated validity and strength of my results. Furthermore, the findings need to be replicated in the Asian population which is believed to be at decreased risk to AMD compared to European population.
The consistent role of EA on influencing the neurodegeneration in the absence of role of other closely related proxy markers including INT and CA suggests the need for conducting a systematic MR using both correlated exposures and outcomes with potential pathophysiological overlapping mechanism 18 . Table 1 . Details of discovery GWAS datasets explored and prioritized instruments used for the main analysis in the present study. 
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